The properties of water vapor are used to illustrate the point, previously found true for ethyl alcohol, that the modified Berthelot equation of state may not give a satisfactory evaluation of the deviation of thermodynamic properties from those of the hypothetical perfect gas. The entropy deviation for benzene, however, is accurate enough for most purposes, and the heat capacity is not too far out of line.
I T is often desired, for practical purposes, to calculate the entropy or heat capacity of a gaseous substance from spectroscopic data and molecular constants. Likewise, it may be desired to calculate these properties for the hypothetical perfect gas from thermal data and vapor pressures. In either case, it is necessary to evaluate the effect of the deviation from perfect gas behavior, an operation which, for maximum accuracy, would require extensive knowledge of the vapor density over a wide range of pressures and temperatures, or the equivalent in the form of an accurate and sufficiently detailed equation of state.
When adequate data are not available it has become broadly customary to use the modified Berthelot equation of state, with constants expressed in terms of the critical properties, to give an approximation to the entropy and heat capacity deviations.
The accuracy of this approximation was recently questioned by the author1 in a study of the entropy of ethyl alcohol, for which it developed that no reasonable combination of assigned molecular constants could be found which was consistent with the experimental entropy and the Berthelot equation over a sufficiently extended temperature range. Because the vapor pressures and heats of vaporization were apparently reliable and were inconsistent with volumes calculated from the Berthelot equation, it was most reasonable to assume that these volumes and the equation of state from which they were obtained were not acceptable.
In the ethyl alcohol case, the assignment of a potential barrier of at least 15000 cal./mole to the hydroxyl group rotation was required if the Berthelot equation was used, but if the barrier evaluation was based upon the data at a low enough temperature, and larger deviations from perfect gas behavior at high temperature were recognized, a 1 J. O. Halford, J. Chern. Phys. 17, 111 (1949) . value near 3000 cal./mole was obtained. This illustrates how the inadequacy of the Berthelot equation can lead to serious errors in the description of hindered internal rotations.
The significance of the ethyl alcohol case to the general problem is obscure. It may mean only that inaccuracies will be found for the vapors of associated liquids, but it could be true that serious errors would appear elsewhere as well.
The purpose of the present paper is to compare the correct entropy and heat capacity deviations with those obtained from the Berthelot equation for two substances, water and benzene, chosen as examples, respectively, of the associated and the normal liquid. There are, in fact, very few compounds for which there are enough data to support an accurate calculation of the deviations. In the case of ethane, heat capacity increments calculated by Kistiakowsky and Rice 2 from the vapor densities of Eucken and Parts 3 are substantially the same as those obtained from the Berthelot equation.
WATER
The required information for water vapor appears in a recent article by Keyes,4 who tabulates the second, third, and fourth vi rial coefficients and their derivatives as functions of the temperature and gives the explicit expression for the entropy correction. The units at the head of the columns of vi rial coefficients, however, cannot be correct, the expressions for the coefficients in the entropy equation are not clearly bracketed, and the true entropy coefficients appear to be the negatives of the indicated ones. In using the Keyes expression, therefore, it has been assumed that the virial coefficients are correct for energy in cc atmos., the missing brackets have been supplied to the expressions for the coeffi. cients, and the sign of the entire entropy effect has been reversed. The increments finally obtained have been added to the perfect gas entropy and found to agree with the entropy values of Osborne, Stimson, and Ginnings 6 within precisely the same limits as stated in the last paragraph of the paper by Keyes. Units and conversion factors correspond to the fol· lowing values of the gas constant: 1.9872 cal./mole deg., 82.057 cc atmos./mole deg., 8.3130 int. joule/mole deg. In checking against the entropy values of Osborne, Stimson, and Ginnings, the results obtained from the Keyes' equation were converted to calories defined by the conversion factor 0.238891 cal./int. joule. Table I shows the entropy of gas imperfection for water vapor at the saturation pressure from 273.2°K to 453.2°K. The second column gives the vapor pressure, the third the entropy correction from the Keyes data and the fourth the corresponding increment from the modified Berthelot equation. A rough picture of the situation in connection with the heat capacity can also be obtained from the data. It would appear to be very difficult to achieve accuracy in the heat capacity of gas imperfection. For example, if the simplified vi rial equation of state, pV=RT+Bp
is considered, the heat capacity increment is given byoCp/op= -T02B/oP. The coefficient B, the difference between the perfect gas volume and the actual volume, is difficult to obtain with accuracy, and, consequently, the second derivative with the temperature will be subject to large errors. For the present purpose, the entropy increment at one atmosphere has been calculated by the procedure used to set up Table I , and the heat capacity increment has been obtained as a rough graphical estimate of the equivalent quantity T(oS/oT)p. Table II shows the result.
Obviously the Berthelot equation is not satisfactory. While it prescribes a fixed value of three for the heat capacity/entropy ratio, this ratio is variable and much larger. For example, the heat capacity increment at the boiling point is seven times as large as the entropy increment. (2) This equation has been made consistent with their measured heat capacities and those calculated from • W. F. Giauque and J. W. Stout, J. Am. Chern. Soc. 58, 1144 (1936 . molecular constants, subject to the validity of their interr~reta~ion of the effect of anharmonicity upon the vlbratlOnal entropy. The volumes are also in fair agreement with values obtained from heats of vaporization and vapor pressures by means of the Clapeyron equation.
If Eq.
(2) is accepted as correct, then the entropy and heat capacity increments are independent of the pressure and are given by S*-S=pdB/dT and
C-C*= -pTd 2 B/dP= (2+9S0/T)(S*-S). (3)
The entropy and heat capacity increments have been evaluated along the vapor pressure curve u~ing. Young's vapor pressures, as quoted by Fiock:
Gmnmgs, and Holton,S as accurate enough for present purposes. The results are presented in Table III . The critical constants used to obtain the Berthelot values are Tc=S61.7°K and Pc=47.7 atmos.
Here the Berthelot equation gives a remarkably good evaluation of the entropy effect throughout the entire range and is in exact agreement just above the boiling point. The heat capacity, however, is not very g?od at the lower temperatures but is approachmg agreement as the temperature increases.
CONCLUSIONS
From the foregoing examples, including the cases of ethane and ethyl alcohol to which reference has ?een mad:, it would appear that the entropy of gas ImperfectlOn can be obtained with fair accuracy for the vapors of normal liquids from the modified Berthelot equation of state, but that for water and the lower alcohols, an evaluation by this equation may not be satisfactory.
Heat capacity increments for the associated com-pound~, when.obtained from the Berthelot equation, are senously m error, and they are not highly dependable even in the case of benzene.
Under the circumstances, it would appear advisable to limit the application of the Berthelot equation to the entropy increment for non-associated substances to pressures well below one atmosphere and to use this equation, or any other selected in a similarly arbitrary manner, for associated substances only when it clearly indicates that the increment is negligible relative to the limits of error from other sources.
Because the number of accurately demonstrable c~ses ~s not sufficient to support a broad generaliza-tlOn, It would be most conservative, even for the vapors of normal liquids, to use the Berthelot 
is the molal volume of the liquid at saturation and is negligible at low pressures. When the vapor pressure and heat of vaporization are known with enough accuracy as functions of the temperature, the deviation volume B can be obtained in relation to the temperature. If it is assumed, as in the case of benzene, that B is a function only of the temperature, the entropy and heat capacity effects can be obtained by Eqs. (3). Since, however, both ~H and dp/dT are hard to measure accurately, and the error in their ratio will be mag-?ifie? by t~e subtraction of the perfect gas volume, It wtll be difficult to obtain B accurately, and progressively more difficult to obtain the first and second temperature derivatives.
A number of trials with data of ordinary accuracy to be found in the literature have indicated that the highest accuracy will probably be obtained near the boiling point and that at low temperatures and pressures, the results are not dependable. It is therefore suggested that for most purposes it will be satisfactory to evaluate the entropy and heat capacity effects in the region of the boiling point, and to project them into the region of lower temperatures along some arbitrary curve which brings them near zero at temperatures of the order of 100° below the boiling point.
A variation of the method of using the Clapeyron equation is possible which may at some time prove to be useful. Lewis Thermal diffusion data have been obtained on a series of mixtures of hydrogen plus hydrocarbons. The results indicate that "collision diameter" for these unlike molecules is considerably smaller than the mean collision diameter of the pure compounds. This is consistent with the high critical pressure of such mixtures. (3)
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S2, Q2 can be obtained by reversing subscripts.
The nomenclature has been modified slightly to correspond to that used by Hirschfelder, Bird, and SpotZ.2
The evaluation of the integrals weller) involves the use of the collision cross section and therefore depends on the intermolecular force law assumed. Hirschfelder et al.,2 have evaluated these integrals
